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Executive Summary

From 1978 to 1996, the U.S. Department of Energy’s Office of Fuels Development funded a program to
develop renewable transportation fuels from algae.  The main focus of the program, know as the Aquatic
Species Program (or ASP) was the production of biodiesel from high lipid-content algae grown in ponds,
utilizing waste CO2 from coal fired power plants.  Over the almost two decades of this program,
tremendous advances were made in the science of manipulating the metabolism of algae and the
engineering of microalgae algae production systems.  Technical highlights of the program are summarized
below:

Applied Biology

A unique collection of oil-producing microalgae.

The ASP studied a fairly specific aspect of algae—their ability to produce natural
oils.  Researchers not only concerned themselves with finding algae that produced a
lot of oil, but also with algae that grow under severe conditions—extremes of
temperature, pH and salinity.  At the outset of the program, no collections existed that
either emphasized or characterized algae in terms of these constraints.  Early on,
researchers set out to build such a collection.  Algae were collected from sites in the
west, the northwest and the southeastern regions of the continental U.S., as well as
Hawaii. At its peak, the collection contained over 3,000 strains of organisms.  After
screening, isolation and characterization efforts, the collection was eventually
winnowed down to around 300 species, mostly green algae and diatoms.  The
collection, now housed at the University of Hawaii, is still available to researchers.
This collection is an untapped resource, both in terms of the unique organisms
available and the mostly untapped genetic resource they represent.  It is our sincere
hope that future researchers will make use of the collection not only as a source of
new products for energy production, but for many as yet undiscovered new products
and genes for industry and medicine.

Shedding light on the physiology and biochemistry of algae.

Prior to this program, little work had been done to improve oil production in algal
organisms.  Much of the program’s research focused attention on the elusive “lipid
trigger.”  (Lipids are another generic name for TAGs, the primary storage form of
natural oils.)  This “trigger” refers to the observation that, under environmental stress,
many microalgae appeared to flip a switch to turn on production of TAGs.  Nutrient
deficiency was the major factor studied.  Our work with nitrogen-deficiency in algae
and silicon deficiency in diatoms did not turn up any overwhelming evidence in
support of this trigger theory.  The common thread among the studies showing
increased oil production under stress seems to be the observed cessation of cell
division.   While the rate of production of all cell components is lower under nutrient
starvation, oil production seems to remain higher, leading to an accumulation of oil in
the cells.  The increased oil content of the algae does not to lead to increased overall
productivity of oil.  In fact, overall rates of oil production are lower during periods of
nutrient deficiency.  Higher levels of oil in the cells are more than offset by lower
rates of cell growth.
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Breakthroughs in molecular biology and genetic engineering.

Plant biotechnology is a field that is only now coming into its own.  Within the field of plant
biotechnology, algae research is one of the least trodden territories.  The slower rate of advance in this field
makes each step forward in our research all the more remarkable.  Our work on the molecular biology and
genetics of algae is thus marked with significant scientific discoveries.  The program was the first to isolate
the enzyme Acetyl CoA Carboxylase (ACCase) from a diatom.  This enzyme was found to catalyze a key
metabolic step in the synthesis of oils in algae.  The gene that encodes for the production of ACCase was
eventually isolated and cloned.  This was the first report of the cloning of the full sequence of the ACCase
gene in any photosynthetic organism.    With this gene in hand, researchers went on to develop the first
successful transformation system for diatoms—the tools and genetic components for expressing a foreign
gene.  The ACCase gene and the transformation system for diatoms have both been patented.  In the
closing days of the program, researchers initiated the first experiments in metabolic engineering as a means
of increasing oil production.  Researchers demonstrated an ability to make algae over-express the ACCase
gene, a major milestone for the research, with the hope that increasing the level of ACCase activity in the
cells would lead to higher oil production.  These early experiments did not, however, demonstrate increased
oil production in the cells.

Algae Production Systems

Demonstration of Open Pond Systems for Mass Production of Microalgae.

Over the course of the program, efforts were made to establish the feasibility of large-scale algae
production in open ponds.  In studies conducted in California, Hawaii and New Mexico, the ASP proved
the concept of long term, reliable production of algae.  California and Hawaii served as early test bed sites.
Based on results from six years of tests run in parallel in California and Hawaii, 1,000 m2 pond systems
were built and tested in Roswell, New Mexico.  The Roswell, New Mexico tests proved that outdoor ponds
could be run with extremely high efficiency of CO2 utilization.  Careful control of pH and other physical
conditions for introducing CO2 into the ponds allowed greater than 90% utilization of injected CO2.  The
Roswell test site successfully completed a full year of operation with reasonable control of the algal species
grown.  Single day productivities reported over the course of one year were as high as 50 grams of algae
per square meter per day, a long-term target for the program.  Attempts to achieve consistently high
productivities were hampered by low temperature conditions encountered at the site.  The desert conditions
of New Mexico provided ample sunlight, but temperatures regularly reached low levels (especially at
night).  If such locations are to be used in the future, some form of temperature control with enclosure of
the ponds may well be required.

The high cost of algae production remains an obstacle.

The cost analyses for large-scale microalgae production evolved from rather
superficial analyses in the 1970s to the much more detailed and sophisticated studies
conducted during the 1980s.  A major conclusion from these analyses is that there is
little prospect for any alternatives to the open pond designs, given the low cost
requirements associated with fuel production.  The factors that most influence cost
are biological, and not engineering-related.  These analyses point to the need for
highly productive organisms capable of near-theoretical levels of conversion of
sunlight to biomass.  Even with aggressive assumptions about biological
productivity, we project costs for biodiesel which are two times higher than current
petroleum diesel fuel costs.
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Resource Availability

Land, water and CO2 resources can support substantial biodiesel production and CO2
savings.

The ASP regularly revisited the question of available resources for producing biodiesel from microalgae.
This is not a trivial effort. Such resource assessments require a combined evaluation of appropriate climate,
land and resource availability.  These analyses indicate that significant potential land, water and CO2

resources exist to support this technology.  Algal biodiesel could easily supply several “quads” of
biodiesel—substantially more than existing oilseed crops could provide.  Microalgae systems use far less
water than traditional oilseed crops.  Land is hardly a limitation.  Two hundred thousand hectares (less than
0.1% of climatically suitable land areas in the U.S.) could produce one quad of fuel.  Thus, though the
technology faces many R&D hurdles before it can be practicable, it is clear that resource limitations are not
an argument against the technology.


